In parts of the western United States groundwater used for drinking water contains high concentrations of metals, including arsenic. In a rural county in Nevada, USA, we measured concentrations of arsenic and tungsten and the proportion of arsenic occurring in trivalent form (As (III) ) in tap water samples from private domestic wells in 307 households. The proportion of arsenic occurring as As (III) ranged from 0 to 100% (ave. 21%, median 1% This suggests that householders in this area were likely to be exposed to both metals simultaneously, given that 253/307 of the respondents (82%) reported consuming tap water.
INTRODUCTION
Approximately 15% of the population of the United States is served by private drinking water supplies; the remainder is served by public supplies (USEPA 2004) . Private domestic wells are unregulated drinking water sources that usually serve a single household. Standards for chemical, microbiological and physical characteristics of water codified in the Safe Drinking Water Act and amendments apply to public water supplies and are not enforceable for private water supplies.
Arsenic in US groundwater
The current standard for arsenic (10 mg l 21 ) became enforceable for public water supplies in 2006. High arsenic concentrations in groundwater (. 10 mg l 21 ) have been documented in many areas of the United States (Welch et al. 2000) . No estimates exist of the proportion of private water supplies with arsenic concentrations that exceed 10 mg l
21
. Although arsenic can occur in methylated forms and in several valence states, the primary form of arsenic in groundwater is considered to be inorganic (Bissen & Frimmel 2003) , in the most oxidized, pentavalent state (As (V) ) and in the reduced trivalent state (As (III) ) (NRC 1999) .
Significance of trivalent arsenic (As (III) )
The valence form of arsenic may be significant with respect to health effects; As (III) is 2 -3 times more acutely toxic than As (V) (ATSDR 2000; Hughes 2002) . Research with cultured human cells (skin, urinary bladder and lung) demonstrated that 24 hour exposure to inorganic As (III) doi: 10.2166/wh.2009.024 had significant effects on cellular ability to methylate As (III) at concentrations of approximately 300, 749 and 1,498 mg l 21 (Styblo et al. 2000) . A review of arsenic carcinogenicity reported results of lifetime duration experiments with laboratory animals exposed to high concentrations of arsenite (As III ) (5,000 mg l 21 ) administered in drinking water, with no carcinogenic effect (Hughes 2002) .
Although concentrations in the highest doses used for these experiments have been observed in groundwater in
Churchill County, Nevada (e.g. 2,100 mg l 21 ) , the treatments at which effects were reported ($300 mg l 21 ) represent unusually high concentrations of arsenic in groundwater.
The effects of chronic exposure among humans to As (III) have not been established with any statistical significance because, in retrospective studies from which correlations between human health effects and exposure are drawn, the valence form of arsenic to which people have been exposed is often unclear (ATSDR 2000) . It is thought that if concentrations of As (III) are high, or methylation of As in the body is not complete, ingested inorganic As (III) may react with and be retained by tissues for longer periods of time than might be expected for equivalent concentrations of methylated forms of arsenic (NRC 1999) .
The valence form of inorganic arsenic affects treatment efficiency, especially in the types of system commonly used for small-volume household applications, including reverse osmosis. Removal efficiency with reverse osmosis units has been shown to be lower when arsenic is present as As (III) (Chen et al. 1999; USEPA 2000; Walker et al. 2008) .
Significance of tungsten in drinking water
Consumption of dissolved tungsten has not been studied extensively, but it is not considered a cause of adverse health effects as a result of chronic exposure through water (ATSDR 2000) . However, the US Centers for Disease (Marquet et al. 1996) . Tungsten in groundwater is thought to be from natural sources such as geothermal waters and tungsten-bearing sediments in subsurface and surface formations (Seiler et al. 2005) . and deep (500 þ ft [152 þ m]) (Lico & Seiler 1994) . The primary basis for these designations is water chemistry, particularly water hardness (Glancy 1986 census.gov).
Purpose of study
This study explored the levels of tungsten and the proportions of arsenic occurring as As (III) in household tap water from private wells in Churchill County, Nevada, and the potential for simultaneous exposure to both through household tap water. Groundwater in the area contains naturally occurring arsenic concentrations, which commonly exceed 100 mg l 21 in groundwater (Fitzgerald 2004; Seiler 2004 
METHODS

Population of study area
Approximately 24,000 people resided in the county when this study was carried out (2002) and an estimated 11,500
were served by 16 public water supplies. The study area was approximately 225 square miles (583 km 2 ) and excluded the service districts of public water supplies, the largest of which served the city of Fallon (the county seat) (Figure 1 ).
In 2002 
Sampling survey design
The study focused on 307 households, which were a subset vs. 50%/50% (sample, population respectively)) (Walker et al. 2006) .
Sampling protocols and sample preservation
All 307 samples collected were analyzed for total arsenic, tungsten and trivalent arsenic (As (III) ). Tap County indicated no significant differences in concen-
trations (Seiler 2004).
Analyses were carried out by the Nevada State Health
Laboratory, a certified drinking water analysis facility. The proportion of arsenic occurring as As (III) was determined using atomic absorption (Varian Spectra AA) with graphite furnace. Samples were preserved upon collection with 0.7 ml EDTA/100 ml sample in opaque HDPE bottles (Bednar et al. 2002) . We separated As (III) from As (V) and other inorganic arsenic species using an anion exchange resin (Supelco Supelclean LC-SAX SPE; Sigma-Aldrich cat# 57203) (Bednar et al. 2002) . 
RESULTS AND DISCUSSION
The distributions of sampling results for arsenic, tungsten and the proportion of arsenic occurring as As (III) are reported in Tables 1, 2 and 3. The results are reported for all tap water samples (n ¼ 307), and for subsets of these results according to whether tap water was consumed in the household (n ¼ 253). Consumption was defined as drinking water or using it to mix beverages (Benson 2003) .
The quantity consumed was not considered. Treatments applied included ion exchange, carbon filtration, filtration, reverse osmosis, distillation and greensand filtration (Benson 2003) . reported consuming the water. This suggests a potential for exposure to As (III) , though the significance of exposure, especially in tap water that contained ,10 mg l
21
, is unclear. The regressions indicate that concentrations of tungsten and arsenic will be positively correlated in tap water and that this relationship is nearly identical in households that reported consuming tap water.
Concentrations of total
CONCLUSIONS
Households that rely on private water supplies are tungsten concentrations will also be high. Equation (2) demonstrates that the relationship is the same for tap water that is consumed. The correspondence between arsenic and tungsten is expected, based on previously observed associations between dissolved arsenic and tungsten concentrations in groundwater (Grimes et al. 1995) and ore deposition patterns (Kesler et al. 2003) in the Great Basin region of the United States. It also corresponds closely with observed correlations between As and W in groundwater in ) concentrations in samples of tap water reported to be consumed or not consumed. it is worth noting that, among private well users in the US Great Basin, exposure levels may be high and positively correlated with arsenic concentrations that are well above 10 mg l 21 in a majority of households that consume water from private domestic wells.
